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Abstract 

Amorphous  films  of  mean  composition  Ni33Ta41C26  were  prepared  by  deposition  onto  carbon  paper  using  dc  magnetron  sputtering.  The 
material  showed  low  corrosion  currents  and  significant  electrocatalytic  activity  for  hydrogen  oxidation  and  oxygen  reduction  when  polarised 
potentiostatically  in  1.5  M  H2SO4  at  20  and  70  UC.  The  results  are  interpreted  in  terms  of  the  passivity  of  the  tantalum  component  offering 
corrosion  protection  to  the  nickel  electrocatalytic  component  in  the  aggressive  acidic  electrolyte.  ©  2002  Published  by  Elsevier  Science  B.  V. 
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1.  Introduction 

Fuel  cells  offer  potentially  highly  efficient,  silent,  low- 
pollution  electric  power  generation.  To  date  however,  tech¬ 
nical  and  economic  barriers  have  prevented  their  widespread 
application  to  automotive  traction  and  residential  power  use. 
Fuel  cells  with  acidic  electrolytes  are  required  for  use  with 
fuels  of  commercial  purity  containing  oxides  of  carbon.  One 
of  the  key  technical  factors  hampering  commercialisation  of 
low-temperature  acidic  fuel  cells  is  their  dependence  on  the 
rare  platinum-group  metals  as  electrocatalysts,  since  plati¬ 
num  is  both  expensive  and  readily  poisoned  by  carbon 
monoxide.  Research  into  generation  of  electrocatalysts  made 
from  non-noble  materials  which  can  operate  efficiently  in 
low-temperature  acidic  electrolytes  is  thus  a  very  worthwhile 
field  of  inquiry.  For  anode  electrocatalysts,  tungsten  carbide 
has  been  cited  as  a  possibility  [1]  and  combinations  of  nickel 
with  tungsten  carbide  [2]  and  molybdenum  with  tungsten 
carbide  [3]  showed  some  activity.  For  the  cathode  electro¬ 
catalysts,  various  porphyrins  have  been  suggested  [4],  and 
some  cobalt-based  and  iron-based  electrocatalysts  have  also 
been  investigated  [5,6].  The  present  paper  is  a  preliminary 
report  into  nickel-tantalum  based  materials. 

In  order  to  be  considered  suitable  for  fuel  cell  electro¬ 
catalysts,  candidate  materials  made  from  non-noble  elements 
must  be  passive  towards  corrosion  in  the  acidic  electrolytes, 
in  contrast  to  the  noble  platinum-based  systems.  Tantalum 
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is  well  known  for  its  passivity  in  mineral  acids  [7],  The 
passivating  oxide  film  is  however,  electrically-insulating 
which  makes  the  surface  unsuitable  for  any  form  of  electro¬ 
catalysis  [8].  Tantalum  carbides,  by  contrast,  are  electroni¬ 
cally  conductive  across  a  considerable  range  of  compositions 
[9,10].  This  paper  reports  the  electrocatalytic  properties  of  a 
unique  combination  of  nickel,  tantalum  and  carbon  prepared 
by  dc  magnetron  sputtering. 

2.  Experimental 

2.1.  Synthesis  and  examination  of  the  electrocatalyst 

The  experimental  electrocatalytic  material  was  synthe¬ 
sised  as  a  vacuum-sputtered  coating  laid  down  directly  onto 
a  porous  carbon  substrate  (Toray  carbon  paper  type  TGPH- 
090).  The  carbon  paper,  which  contains  8%  polytetrafluor- 
oethene  (PTFE)  by  weight  added  as  a  wet-proofing  agent, 
was  in  the  form  of  a  25  mm  diameter  disk,  enabling  it  to  be 
used  directly  in  the  electrochemical  cell  as  a  test  electrode. 
The  coating  investigated  was  composed  of  nickel,  tantalum 
and  carbon,  of  mean  thickness  0.7  pm.  This  film  was 
deposited  by  dc  planar  magnetron  sputtering  in  an  ultra- 
high  vacuum  chamber  using  a  three-target  system,  with  one 
target  for  each  component  (Ta,  Ni  and  C)  [11],  The  carbon- 
paper  substrate  was  rotated  under  the  three  different  isolated 
targets  at  a  rate  calculated  to  produce  less  than  a  monolayer 
of  each  component  on  each  pass,  thereby  forming  a  meta¬ 
stable  alloy  rather  than  a  multilayered  structure.  A  base 
pressure  of  10  pbar  was  obtained.  Sputtering  was  carried  out 
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in  argon  at  a  pressure  of  6  mbar.  The  resulting  sputtered 
coating  was  largely  amorphous.  X-ray  diffraction  patterns 
showed  a  broad  amorphous  halo  (full  width  at  half  max¬ 
imum  intensity,  20  =  4.6°)  as  shown  in  Fig.  1.  A  transmis¬ 
sion  electron  micrograph  of  the  material,  presented  in  Fig.  2, 
showed  that  the  amorphous  phase  contained  ultra-fine  par¬ 
ticles  of  a  carbide,  presumably  tantalum  carbide,  of  diameter 
ca.  2  nm.  The  TaC  (111)  reflection  is  missing  from  Fig.  1 
since  the  carbides  form  with  a  strong  out-of-plane  (10  0) 
texture.  The  average  composition  of  the  coating,  as  mea¬ 
sured  by  Rutherford  backscattering  (RBS)  analysis  [12],  was 
Ni33Ta4iC26  (atomic  composition).  Because  the  alloy  is 
clearly  not  single  phase,  but  rather  a  nanocomposite,  it  is 
strictly  speaking  wrong  to  represent  its  atomic  composition 


as  a  single  compound,  viz.  Ni33Ta41C26-  However,  to  retain 
its  mean  composition  in  reference,  we  refer  below  to  the 
sputtered  coating  as  Ni33Ta41C26-  Fig.  3  presents  an  SEM 
micrograph  of  the  carbon  paper  surface  coated  with  the 
0.7  pm  thick  Ni33Ta4iC26  coating. 

The  catalyst  loading  of  the  sputter-coated  electrode  (i.e. 
the  sputtered  carbon,  nickel  and  tantalum  layer)  was 
0.93  mg  cm-2.  The  true  surface  area  of  the  test  electrode 
was  measured  by  nitrogen  adsorption  in  an  automated 
Gemini  2360  V5  instrument  using  the  Brunauer-Emmett- 
Teller  (BET)  technique.  The  wet-proofed  carbon  paper 
alone,  with  no  catalyst  loading,  gave  no  measurable  surface 
area  by  nitrogen  adsorption,  presumably  because  of  the 
polytetrafluoroethene  content.  The  nitrogen  adsorption  data 
for  the  sputter-coated  electrode  showed  a  true  surface  area  of 
22.4  cm2.  Since  the  projected  surface  area  of  the  electrode 
was  4.9  cm2,  the  ratio  of  the  true  to  projected  surface  area 
was  4.6. 

2.2.  Experimental  procedure 

The  electrode  was  tested  for  electrocatalytic  activity 
potentiostatically.  The  electrochemical  cell  consisted  of  a 
PTFE  counter  electrode  chamber  containing  a  platinum  foil 
counter  electrode,  an  electrically  heated  PTFE  electrolyte 
chamber  with  a  gas-lift  electrolyte  pump,  a  Luggin  probe  for 
connection  to  the  external  reference  electrode,  the  test 
electrode  of  2.4  cm2  exposed  surface  area,  a  current  collec¬ 
tor  of  Nb  or  Au  sheet,  and  a  PTFE  gas  compartment  with 
inlet  and  outlet  connections  for  feed  gas  and  exhaust.  The 
reference  potential  was  a  mercury/mercurous  sulphate 
(MMS)  electrode  mounted  in  a  side-arm  and  connected 
via  an  electrolyte-filled  tube  to  the  Luggin  capillary.  Its 


Fig.  2.  Transmission  electron  micrograph  of  sputtered  Ni33Ta4jC26,  showing  the  presence  of  ultrafine  particles  of  diameter  ca.  2  nm  in  an  amorphous  matrix. 
The  particles  are  probably  tantalum  carbide. 
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Fig.  3.  Micrograph  of  Ni33Ta4iC26  of  thickness  0.7  pm  prepared  by  sputtering  the  elements  onto  carbon  paper  (Toray  TGPH-090). 


reference  potential,  against  which  the  results  below  are 
presented,  was  calibrated  and  found  to  be  0.405  V  relative 
to  a  saturated  calomel  reference  electrode  (SCE).  The 
counter  electrode  was  separated  from  the  working  electrode 
compartment  by  a  microporous  borosilicate  glass  frit  to 
prevent  gas  generated  at  the  counter  electrode  from  reaching 
the  working  electrode,  whilst  at  the  same  time  maintaining 
electrolytic  contact  through  the  cell.  The  electrodes  were 
mounted  so  as  to  be  cylindrically  symmetrical  into  the 
internally  cylindrical  cell.  The  temperature  in  the  cell  was 
maintained  thermostatically  using  a  heating  element  on  an 
arm  of  the  gas-lift  pump  and  an  electronically-read  ther¬ 
mistor  within  the  cell.  All  experiments  were  carried  out  at 
constant  temperature. 

The  test  material  was  subject  to  three  types  of  electro¬ 
chemical  experiment.  Because  the  electrocatalyst  was 
synthesised  from  base  components,  corrosion/passivation 
tests  in  the  sulphuric  acid  working  electrolyte  are  vital, 
and  these  were  performed  first  in  the  absence  of  any  fuel. 
Potentiostatic  corrosion  tests  were  followed  by  examination 
of  the  electrocatalytic  activity  towards  the  anodic  oxidation 
of  hydrogen.  Finally,  the  electrocatalytic  activity  towards  the 
cathodic  reduction  of  oxygen  was  also  examined. 

Potentiostatic  corrosion  testing  was  carried  out  as  follows. 
Initially,  the  test  electrode  was  placed  in  the  cell  with  the 
catalyst  side  facing  the  fuel  compartment  (away  from  the 
electrolyte).  The  cell  was  assembled  and  filled  with  1 .5  M 
H2S04  made  from  analytical-grade  H2SO4  and  twice-dis¬ 
tilled  water.  High  purity  argon  was  introduced  into  the  gas¬ 
lift  pump  to  circulate  the  electrolyte.  Argon  was  bubbled 
through  the  electrolyte  continuously  for  at  least  an  hour 
before  each  test,  and  throughout  the  course  of  each  test.  This 
was  to  remove  residual  oxygen  in  the  electrolyte. 


Once  the  electrolyte  had  been  argon-saturated,  a  series  of 
potentiostatic  transients  at  incremental  intervals  of  0.1  V 
covering  the  range  —0.65  to  +0.25  V  (MMS)  were  imposed. 
These  were  conducted  at  20  and  at  70  °C  to  determine  the 
corrosion  current  as  a  function  of  potential.  Each  potential 
step  gave  a  corrosion  current  recorded  as  a  function  of  time 
for  250  s  using  a  digital  data  acquisition  rate  of  1  Hz.  The 
final  current  reading  after  250  s  was  taken  to  be  a  quasi¬ 
steady  state  current  (Section  3). 

The  electrode  was  then  examined  for  electrocatalytic 
activity  towards  the  anodic  oxidation  of  hydrogen  as  fol¬ 
lows.  Once  the  baseline  corrosion  current  data  in  the  argon- 
saturated  electrolyte  had  been  obtained,  another  potentio¬ 
static  transient  was  initiated  at  —0.4  V  (MMS).  After  50  s, 
the  argon  feed  to  the  gas  compartment  was  switched  off  and 
hydrogen  at  ca.  121  kPa  absolute  pressure  was  introduced 
into  the  fuel  chamber.  The  current-time  trace  was  examined 
for  evidence  of  a  significant  rise  in  anodic  current.  If  such  a 
rise  occurred,  the  hydrogen  was  switched  off  and  the  argon 
was  reintroduced  into  the  fuel  chamber,  to  see  if  the  anodic 
current  declined  again.  The  purpose  of  this  preliminary 
procedure  was  to  check  that  it  was  indeed  the  hydrogen 
which  was  being  oxidised.  A  full  series  of  potentiostatic 
transients  ranging  from  —0.65  to  +0.05  V  (MMS)  in  incre¬ 
mental  steps  was  then  recorded  with  hydrogen  flowing 
through  the  fuel  chamber.  At  each  potential,  the  current 
was  measured  as  a  function  of  time  for  250  s  and  recorded. 
The  full  test  procedure,  including  both  corrosion  and  hydro¬ 
gen  oxidation  analysis,  was  then  repeated  with  the  electro¬ 
lyte  held  at  a  constant  temperature  of  70  °C. 

The  material  was  also  tested  for  electrocatalytic  activity 
towards  the  cathodic  reduction  of  oxygen.  In  this  case  the 
potentiostatic  transients  were  measured  over  the  potential 


4 


D.R.  McIntyre  et  al.  /  Journal  of  Power  Sources  108  (2002)  1-7 


range  +0.25  to  —0.65  V  (MMS)  through  decremental  steps 
of  0.1  V  at  both  20  and  70  °C,  with  high  purity  oxygen 
flowing  through  the  gas  compartment.  This  maximum 
applied  potential  was  chosen  to  be  significantly  below  the 
oxygen  equilibrium  potential  (0.58  V  (MMS)  at  25  °C),  and 
the  minimum  potential  limited  to  be  higher  than  the  equili¬ 
brium  potential  for  the  hydrogen  reaction  so  that  no  evolu¬ 
tion  of  oxygen  or  hydrogen  could  occur.  Most  of  the  data 
described  below  concerns  experiments  carried  out  at  70  °C. 

3.  Results 

Fig.  4  shows  a  graph  of  current  as  a  function  of  time  for 
the  Ni33Ta41C26  electrode  potentiostatically  polarised  at 
—0.4  V  (MMS)  at  20  °C,  with  the  feed  gas  alternating 


between  argon  and  hydrogen.  The  graph  shows  unambigu¬ 
ously  that  the  material  is  electrocatalytically  active  towards 
the  H2  oxidation  reaction:  admission  of  hydrogen  causes  the 
current  to  rise  anodically  to  65  pA  cm-2,  and  removal  of  the 
hydrogen  supply  causes  decay  in  the  anodic  current.  (Note 
that  the  change  of  gas  supply  requires  some  time  to  equili¬ 
brate,  ca.  120  s  in  this  case;  this  is  the  time  required  to 
replace  fully  one  gas  by  the  other  within  the  connecting 
tubing  and  the  gas  compartment.)  The  residual  cathodic 
current  observed  prior  to  hydrogen  admission  (f  <  50  s  in 
Fig.  4)  must  arise  from  the  reduction  of  a  trace  of  residual 
dissolved  oxygen,  despite  purging  with  argon.  Irrespective 
of  that  however,  it  shows  that  at  this  potential,  the  rate  of 
anodic  oxidation  of  the  electrocatalyst  itself  must  be  very 
small,  since  it  is  clearly  swamped  by  the  reduction  of  the 
residual  trace  of  oxygen. 


Fig.  4.  Current  density  from  Ni33Ta41C26  in  1-5  M  H2S04  at  70  °C  showing  the  effect  of  hydrogen  as  fuel.  For  the  first  50  s,  argon  was  fed  over  the  electrode. 
Hydrogen  was  admitted  at  50  s  and  continued  until  200  s,  after  which  it  was  replaced  by  argon  again. 


Fig.  5.  Anodic  current  time  transients  measured  on  Ni33Ta4iC260ver  250  s  in  1.5  M  H2S04  at  70  °C  showing  the  effect  of  hydrogen  admission.  Argon  feed 
gas  at:  (I)  -0.35  and  (II)  -0.05  V  (MMS).  Hydrogen  feed  gas  at:  (III)  -0.35  and  (IV)  -0.05  V  (MMS). 
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potential,  V(MMS) 

Fig.  6.  Polarisation  of  Ni33Ta4jC26  in  1.5  M  H2SO4  at  70  °C  under  argon 
atmosphere.  Each  data  point  shows  the  non-fuelled  reaction  rate  of  the 
material  measured  250  s  after  the  start  of  polarisation. 


The  low  corrosion  rate  of  the  catalyst  in  hot  sulphuric  acid 
is  shown  in  Fig.  5,  where  a  set  of  current/time  transients 
measured  at  an  electrolyte  temperature  of  70  °C  is  plotted. 
The  corrosion  rates  are  low  for  all  the  potentials  shown,  and 
they  decline  continuously  with  time  throughout  the  record¬ 
ing  period.  The  material  thus  passivates  continuously.  The 
low  corrosion  rate  is  confirmed  by  the  corrosion  data 
measured  after  250  s,  shown  in  Fig.  6  as  a  function  of 
potential.  This  material  passivates  against  corrosion  at  all 
the  applied  potentials  in  hot  sulphuric  acid,  and  the  process 
of  passivation  is  still  not  complete  after  250  s.  The  highest 
corrosion  rate  observed  was  at  the  maximum  applied  poten¬ 
tial;  even  here,  the  corrosion  rate  was  only  10  pA  cm~2  after 
250  s,  and  still  declining. 


potential,  V(MMS) 

Fig.  7.  Reaction  rates  describing  anodic  oxidation  of  hydrogen  (black 
points)  and  cathodic  reduction  of  oxygen  (white  points)  gases  fed  over 
Ni33Ta41C26  electrocatalyst  in  1.5  M  H2S04  at  70  °C.  The  background 
current  density  of  the  electrocatalyst  over  argon  is  also  shown  (crosses). 
The  data  represent  the  rates  measured  250  s  after  commencement  of  the 
potentiostatic  transient. 


The  rates  of  reaction  with  the  two  reactive  gases,  hydro¬ 
gen  and  oxygen,  are  shown  in  Fig.  7  for  experiments  at 
70  °C.  Both  the  anodic  oxidation  of  hydrogen  and  the 
cathodic  reduction  of  oxygen  are  electrocatalysed  on  this 
material.  The  hydrogen  oxidation  rate  reaches  an  apparent 
limiting  current  density  of  ca.  1 30  pA  cm  2.  The  oxygen 
reduction  current  density  rises  continuously  with  decrease  in 
potential,  and  does  not  reach  a  limiting  value. 

4.  Discussion 

In  order  to  function  successfully  as  an  electrocatalyst 
made  of  base  materials  in  such  a  strongly  acidic  electrolyte, 
three  criteria  must  be  met.  First,  the  material  must  be  very 
passive  towards  corrosion;  such  passivity  in  aqueous  solu¬ 
tion  is  engendered  normally  by  the  growth  of  an  oxide  film 
[7,8,13].  Second,  the  passivated  surface  must  be  electron 
conducting  to  allow  the  electrode  reaction  to  occur  through 
the  surface  film.  Third,  the  surface  must  be  electrocataly- 
tically  active  towards  the  desired  reaction.  We  note  that  pure 
tantalum  passivates  by  the  growth  of  an  electronically 
insulating  oxide  film  [7,8],  and  thus  could  not  itself  function 
as  an  electrocatalyst.  To  make  it  electrocatalytic,  is  must  be 
made  to  conduct  electrons  in  its  passive  state.  The  new 
material  is  clearly  both  passive  against  corrosion  at  all 
potentials  in  hot  sulphuric  acid,  as  well  as  electrocatalytic 
to  both  hydrogen  oxidation  and  to  oxygen  reduction.  Bear¬ 
ing  in  mind  that  this  electrocatalyst  has  low  specific  surface 
area,  the  results  described  show  significant  electrocatalytic 
activity  and  very  low  corrosion  rates. 

The  data  above  describe  the  fact  that  the  fabricated 
coating  is  highly  passive  in  1.5  M  H2S04  at  70  °C.  The 
passivating  current  density  decays  continuously  with  time  of 
polarisation,  and  the  material  can  be  expected  to  be  still 
more  passive  after  much  longer  periods  of  time.  Since  the 
true  surface  area  of  the  material  is  4.6  cm2/cm2,  an  observed 
current  density  of  10  pA  cm  2  (the  maximum  observed 
corrosion  current  density  observed  at  0.25  V  (MMS))  is 
equivalent  to  a  true  value  of  2.2  pA  cm  2.  The  fact  that 
this  continues  to  decline  further  with  time,  demonstrates 
clearly  the  high  degree  of  passivity  of  this  material  in  the  hot 
acidic  electrolyte.  The  passive  current  density  described 
above  has  not  in  fact  yet  reached  a  steady  state,  even  after 
250  s  of  polarisation,  and  the  true  passive  current  density 
must  be  even  lower.  Moreover,  no  active  loop  in  the  polar¬ 
isation  curve  (Fig.  6)  could  be  found.  The  passivating 
component  is  without  doubt  tantalum,  whose  passivity  is 
brought  about  by  a  film  of  Ta205  [13];  this  oxide  is  stable  in 
passive  acidic  solutions  and  the  passivity  of  Ta  is  well 
documented  [7,13]. 

As  well  as  being  very  passive  in  strongly  acidic  electro¬ 
lyte,  the  electrode  functions  as  an  electrocatalyst  for  both  the 
anodic  oxidation  of  hydrogen  and  the  cathodic  reduction  of 
oxygen.  Since  these  gas  reactions  must  take  place  at  the 
solid/electrolyte  interface,  they  must  occur  on  the  passivated 
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surface.  The  passivating  oxide  on  pure  tantalum  is  however 
an  electron  insulator,  as  is  evident  from  the  fact  that  tantalum 
metal  can  be  anodised  to  high  voltage  to  produce  a  thicker 
oxide  [8,14].  One  must  therefore  deduce  that  the  oxide  is 
rendered  electron  conducting,  by  the  presence  of  either  the 
carbon  component  or  the  nickel  component.  At  these  poten¬ 
tials,  nickel  is  thermodynamically  stable  only  in  its  oxidised 
form  [13],  and  any  nickel  present  in  the  surface  must  be 
trapped  within  the  oxide  matrix.  A  similar  notion  was 
proposed  earlier  to  describe  the  observed  electrocatalytic 
activity  of  tungsten-based  materials  which  had  also  involved 
co-synthesis  with  nickel  [2,15,16].  If  the  carbon  component 
provides  the  required  electron  conduction  in  the  oxide,  then 
it  is  likely  to  remain  unoxidised  within  the  surface,  since  in 
acidic  electrolytes,  oxidised  carbon  would  probably  be 
gaseous  (CO  or  CO2)  and  thus  removed  from  the  surface. 
Note  that  the  anodic  fuel  current  density  reaches  a  near 
plateau  value  after  250  s  (Fig.  5),  and  does  not  carry  on 
decaying  continuously  as  does  the  corrosion  current. 

The  electrocatalytic  nature  of  the  surface  is  provided  by 
the  nickel  component.  This  proposal  is  reinforced  by  the  fact 
that  we  have  made  and  tested  electrodes  constructed  directly 
from  polycrystalline  tantalum  carbide  alone,  in  the  absence 
of  any  nickel.  Pure  polycrystalline  tantalum  carbide  electro¬ 
des  were  found  to  be  passive  in  1.5  M  H2S04  at  70  °C; 
however,  we  have  been  unable  to  detect  significant  electro¬ 
catalytic  activity,  anodic  or  cathodic,  from  the  nickel-free 
carbide.  We  therefore  believe  that  the  surface  of  the  new 
material  reported  above,  sputter-formed  Ni33Ta41C26,  con¬ 
tains  all  the  original  components  from  the  sputtered  layer, 
and  these  persist  under  polarisation  in  sulphuric  acid.  Nickel 
is  probably  in  oxidised  form  trapped  in  the  passivated 
tantalum  oxide/carbide  matrix. 

The  nature  of  the  catalysis  is  curious.  Normally  for  non¬ 
valve  metals,  as  for  example  occurs  on  platinum,  the  oxygen 
reduction  reaction  requires  significantly  greater  overpotentials 
than  the  hydrogen  oxidation  reaction  [17].  The  hydrogen 
oxidation  reaction  on  Ni33Ta41C26  reaches  an  apparent  limiting 
current  density;  this  cannot  be  due  to  mass  transport  limitation, 
since  the  oxygen  reduction  reaction  on  the  same  electrode  does 
not  reach  such  a  limiting  current  density  (Fig.  6).  If  mass 
transport  of  the  gas  were  to  become  rate-limiting,  then  the 
limiting  rate  of  anodic  reaction  would  be  expected  to  be 
reflected  also  in  the  cathodic  regime,  after  allowing  for  the 
factor  of  two  difference  in  stoichiometric  number  of  the  two 
gas  reactions;  this  is  contrary  to  observation. 

One  possible  conclusion  could  be  that  the  anodic  reaction 
rate  may  become  limited  by  electron  conduction  through  the 
surface  film,  with  some  rectification  of  the  electron  current 
through  the  surface  film,  so  that  the  cathodic  reaction  was 
not  thus  affected.  However,  we  tested  this  catalyst  in  sepa¬ 
rate  experiments  using  equimolar  ferricyanide/ferrocyanide 
mixed  electrolyte,  and  found  that  the  cathodic  reduction  of 
Fe(CN)63-  occurred  at  an  approximately  equal  rate  to  the 
anodic  oxidation  of  Fe(CN)64~  at  equal  overpotentials.  This 
implies  that  there  is  no  rectification,  at  least  at  modest 


overpotentials.  Another  possibility  would  be  that  the  rate 
limiting  step  switches  to  a  non-electrochemical  reaction 
step,  such  as  the  dissociation  of  H2  to  adsorbed  atomic  H 
on  the  surface.  This  limiting  current  density  for  hydrogen 
oxidation  is  a  clear  drawback  of  the  present  anode;  its  origins 
are  not  yet  clear,  and  the  mechanism  is  being  explored 
further. 

However,  it  is  worthwile  to  point  out  that  this  material 
maintains  a  high  degree  of  passivity  against  corrosion,  even 
at  high  potentials,  where  other  electrocatalysts  made  from 
base  materials  may  lose  their  passivity.  This  makes  the 
oxygen  reduction  reaction  a  viable  process  for  this  material, 
and  this  electrocatalysis  from  Fig.  7  is  plain.  Other  electro- 
catalysts  made  from  base  materials,  such  as  tungsten  car¬ 
bide,  are  transpassively  corroded  at  higher  potentials,  and 
could  not  survive  acidic  electrolytes  for  use  as  an  oxygen 
cathode.  For  example,  our  experiments  with  tungsten  car¬ 
bide  based  electrodes  show  transpassive  corrosion  commen¬ 
cing  at  ca.  0.5  V  (SCE)  (equivalent  to  -0.15  V  (MMS)) 
[2,15],  rendering  them  immediately  unsuitable  as  cathodes. 

In  line  with  other  base  electrocatalysts,  this  Ni/Ta/C 
material  does  not  show  the  activity  (anodic  or  cathodic) 
achieved  by  platinum  electrocatalysts,  or  even  approaching 
that.  Hydrogen/oxygen  fuel  cells  using  platinum  anodes  and 
cathodes,  and  running  at  75-80  °C  are  capable  of  over 
1  A  cm~2  (of  projected  electrode  area)  at  0.5  V  cell  voltage, 
using  membrane  electrolytes  (see  e.g.  [17,18]).  It  should 
nevertheless  be  mentioned  that  the  electrodes  made  for  the 
work  presented  above  were  of  low  specific  surface  area.  (The 
ratio  of  the  true  to  projected  surface  areas  was  4.6.).  High 
catalytic  activity  for  Pt-based  catalysts  depends,  at  least  in 
part,  on  generating  a  very  high  surface  area  electrode.  As  an 
example,  high  current  densities,  in  excess  of  1  A  cm~2,  were 
achieved  on  Pt-based  electrodes  which  were  loaded  to 
4  mg  cm~2  using  electrocatalysts  of  specific  surface  are 
21-63  m2g_1  [18];  these  data  imply  the  ratio  of  the  true 
to  the  projected  areas  was  between  840  and  2500.  We  are  as 
yet  unable  to  achieve  high  surface  areas  by  the  magnetron 
sputtering  method. 

5.  Conclusions 

1.  A  vacuum-sputtered  Ni-Ta-C  alloy  of  mean  composi¬ 
tion  Ni33Ta4  iC’26,  functions  as  an  electrocatalyst  both  for 
the  anodic  oxidation  of  hydrogen  and  for  the  cathodic 
reduction  of  oxygen  in  1.5  M  H2S04  at  temperatures  up 
to  70  °C. 

2.  The  electrocatalyst  is  highly  passive  against  corrosion  in 
1.5  M  sulphuric  acid  at  temperatures  up  to  70  °C  across 
a  wide  range  of  electrode  potential,  thereby  giving  very 
low  corrosion  rates. 

3.  Electrocatalytic  activity  occurs  on  the  passivated  surface 
of  the  material.  Passivity  towards  corrosion  and  activity 
towards  the  required  electrochemical  reaction  can  be 
common  properties  of  the  same  surface. 
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4.  The  as-sputtered  electrocatalytic  material  consists  of  a 
dispersion  of  ultra-fine  tantalum  carbide  particles,  of 
size  ca.  2  nm,  immersed  in  an  amorphous  matrix  of  Ni- 
Ta-C. 
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